Pseudomonas aeruginosa strains, isolated from chronically infected patients with cystic fibrosis, produce the O-acetylated extracellular polysaccharide, alginate, giving these strains a mucoid phenotype. O acetylation of alginate plays an important role in the ability of mucoid P. aeruginosa to form biofilms and to resist complement-mediated phagocytosis. The O-acetylation process is complex, requiring a protein with seven transmembrane domains (AlgI), a type II membrane protein (AlgJ), and a periplasmic protein (AlgF). The cellular localization of these proteins suggests a model wherein alginate is modified at the polymer level after the transport of O-acetyl groups to the periplasm. Here, we demonstrate that this mechanism for polysaccharide esterification may be common among bacteria, since AlgI homologs linked to type II membrane proteins are found in a variety of gram-positive and gram-negative bacteria. In some cases, genes for these homologs have been incorporated into polysaccharide biosynthetic operons other than for alginate biosynthesis. The phylogenies of AlgI do not correlate with the phylogeny of the host bacteria, based on 16S rRNA analysis. The algI homologs and the gene for their adjacent type II membrane protein present a mosaic pattern of gene arrangement, suggesting that individual components of the multigene cassette, as well as the entire cassette, evolved by lateral gene transfer. AlgJ and the other type II membrane proteins, although more diverged than AlgI, contain conserved motifs, including a motif surrounding a highly conserved histidine residue, which is required for alginate O-acetylation activity by AlgJ. The AlgI homologs also contain an ordered series of motifs that included conserved amino acid residues in the cytoplasmic domain CD-4; the transmembrane domains TM-C, TM-D, and TM-E; and the periplasmic domain PD-3. Site-directed mutagenesis studies were used to identify amino acids important for alginate O-acetylation activity, including those likely required for (i) the interaction of AlgI with the O-acetyl precursor in the cytoplasm, (ii) the export of the O-acetyl group across the cytoplasmic membrane, and (iii) the transfer of the O-acetyl group to a periplasmic protein or to alginate. These results indicate that AlgI belongs to a family of membrane proteins required for modification of polysaccharides and that a mechanism requiring an AlgI homolog and a type II membrane protein has evolved by lateral gene transfer for the esterification of many bacterial extracellular polysaccharides.
Many bacteria produce surface and extracellular polysaccharides that play a variety of roles in bacterial survival. Examples include polysaccharides that protect bacteria from desiccation, allow root nodulation (43) , and form the intercellular matrices of biofilms (12, 50) . Surface and extracellular polysaccharides often act as virulence factors by protecting the bacteria from host immune and nonimmune defenses (3, 63, 65) . The structures of surface and extracellular polysaccharides vary among bacteria, and these structures are important for their functional role. Structural variations include differences in the sugar subunits and in the glycosidic linkages between the subunits. In addition, the sugar subunits are often modified with carboxylic acids or amino acids, and these modifications also affect the functional roles of the polymers. Examples of polysaccharide modifications include esterification of cellular wall lipoteichoic acid (wLTA) with D-alanyl groups (5) . These modifications are important for the physical structure of certain gram-positive bacteria (11) and, in the case of Staphylococcus aureus, help protect the bacteria from antimicrobial peptides (56) . Succinoglycan of Sinorhizobium meliloti is modified with O-succinyl groups, and these groups are required for plant root tip nodulation (42) . The presence of O-acetyl groups on lipopolysaccharides (LPSs) affects the serological properties of O antigens (49, 68) .
Alginate is an extracellular polysaccharide produced by Pseudomonas aeruginosa (16) . Alginate is an important virulence factor of P. aeruginosa, since it encapsulates strains of P. aeruginosa found in chronic pulmonary infections of patients with cystic fibrosis and protects the bacteria from host defenses (3, 63, 65) . P. aeruginosa alginate is a polymer of ␤1-4-linked mannuronic acid residues with randomly interspersed guluronic acid residues (10, 21, 29) . Alginate is esterified with Oacetyl groups at the O-2 and/or O-3 of the mannuronate residues (13, 66) . The presence of O-acetyl modifications affects the physical properties of the alginate, including its viscosity and its interactions with divalent cations (67) . Alginate O acetylation is also necessary for the formation of thick three-dimensional biofilms by mucoid P. aeruginosa (50) , and for resistance of P. aeruginosa to complement-mediated and opsonic antibody-mediated phagocytosis (57) . Therefore, O-acetylated alginate is an important virulence factor of P. aeruginosa.
In previous studies, we identified three genes-algI, algJ, and algF-that are required for the O acetylation of P. aeruginosa alginate (22, 23) and characterized their protein products (24) . AlgF is a periplasmic protein. AlgJ is type II membrane protein, linked to the inner membrane by an uncleaved signal peptide with the remainder of the protein facing the periplasm. AlgI is an integral membrane protein with seven membranespanning helices. Each of these three components is required for alginate O acetylation, suggesting a complex model for O acetylation wherein esterification occurs either associated with the bacterial inner membrane or in the periplasm after polymannuronate polymerization. Although complex, this model may represent a common mechanism for the esterification of many bacterial extracellular polysaccharides since, as shown here, AlgI homologs are found in a broad diversity of bacteria.
To gain a better understanding of the alginate O acetylation mechanism and to help identify functional domains in the alginate O-acetylation complex, we performed homology searches of AlgF, AlgJ, and AlgI amino acid sequences. Few AlgF homologs were found. However, AlgI homologs were identified among a variety of bacteria not known to produce alginate, suggesting that AlgI may belong to a family of proteins involved in the esterification of surface or extracellular polysaccharides. The algI genes from these homologs are often linked to genes for one or more putative type II membrane protein.
There are three distinct subsets of these type II membrane proteins, with each class apparently not sharing a common ancestor. However, each set has a motif surrounding highly conserved aspartate and histidine residues. One subset of these proteins has motifs that are conserved with AlgJ, and we used this class of proteins to identify amino acids important for the activity of AlgJ. We also used the results of these sequence homology studies to characterize the evolution of AlgI and AlgJ and to identify conserved amino acid motifs within AlgI. The results indicate that the genes for these proteins evolved by lateral transfer and that these gene cassettes may incorporate into larger polysaccharide biosynthetic operon.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains, plasmids, and mutagenic oligonucleotides used in the present study are listed in Table 1 . Escherichia coli and P. aeruginosa were routinely cultured in L broth (10 g of tryptone, pMF267 to pMF339 are pMF149 containing the indicated mutation. Plasmids pMF315 to pSAD63 are pMF150 containing the indicated mutation. 5 g of yeast extract, and 5 g of NaCl/liter). Pseudomonas isolation agar (Difco) was used to select for P. aeruginosa after matings with E. coli. Antibiotics when used were at the following concentrations: ampicillin at 100 g/ml and carbenicillin at 300 g/ml.
AlgI, DltB, or genome accession numbers. GenBank accession numbers were as follows: P. aeruginosa FRD1, AAB09781; P. aeruginosa PAO1, A83203 (71) DNA manipulations. General DNA manipulations were performed as described previously (2) . Restriction endonucleases were purchased from New England Biolabs. Site-directed mutagenesis experiments were performed by first ligating the NcoI-HindIII fragments containing algI or algJ from plasmid pMF149 and pMF150 (24) into phagemid pALTER-EX1 (Promega), producing plasmids pMF244 and pSAD3. Single-stranded DNAs of pMF244 and pSAD3 were isolated, and site-directed mutagenesis was performed by using the Altered Sites mutagenesis protocol (Promega). Mutagenic oligonucleotides (shown in Table 1 ) were synthesized by Integrated DNA Technologies. Site-directed mutations were verified by DNA sequence analysis. After mutagenesis, the NcoIHindIII fragments containing algI or algJ with point mutations were ligated into the NcoI-HindIII site of the P. aeruginosa P trc expression vector pMF54 (23) . Triparental matings were used to mobilize the plasmids from E. coli into P. aeruginosa algI deletion strain FRD1177 algI7⌬ or into algJ deletion strain FRD1176 algJ6⌬ (24) by using the conjugative helper plasmid pRK2013 (19) . Specific plasmid constructs and oligonucleotide sequences are shown in Table 1 .
Assays for alginate. Alginates were collected from culture supernatants of mucoid P. aeruginosa strains grown for 24 h at 37°C in L broth supplemented with 1 mM IPTG (isopropyl-␤-D-thiogalactopyranoside) and carbenicillin. Alginates were purified from culture supernatants by precipitation once with 2% cetyl pyridinium chloride and twice with isopropanol (23) . The concentration of alginate in solution was determined by the carbazole method of Knutson and Jeanes (36) . Briefly, a solution of purified alginate (30 l) was mixed with 1.0 ml of borate-sulfuric acid reagent (10 mM H 3 BO 3 in concentrated H 2 SO 4 ), and 30 l of carbazole reagent (0.1% in ethanol) was added. The mixture was heated to 55°C for 30 min, and the alginate concentration was determined spectrophotometrically at 530 nm by using Macrocystis pyrifera alginate (Sigma) as a standard.
Assays for O acetylation of alginate. The chemical method described previously (22) was used to measure alginate O acetylation. Briefly, 500 l of an alginate solution was incubated with 500 l of alkaline hydroxylamine (0.35 M NH 2 OH, 0.75 M NaOH) for 10 min at 25°C. The reaction mixture was acidified with 500 l of 1.0 M perchloric acid, followed by the addition of 500 l of 70 mM ferric perchlorate in 0.5 M perchloric acid. The concentration of O-acetyl groups was determined spectrophotometrically at 500 nm based on a standard curve by using ethyl acetate as the substrate. Alginate O acetylation was also determined by Fourier transform infrared spectroscopy (FTIR) as described previously (24) .
Immunoblot analysis. Whole cells were analyzed by sodium dodecyl sulfatepolyacrylamide gel electrophoresis with 4% stacking gels and 12% resolving gels (39) . After sodium dodecyl sulfate-polyacrylamide gel electrophoresis, proteins were electroblotted onto nitrocellulose membranes (1) . The membranes were probed with affinity-purified AlgJ antibodies. Goat anti-rabbit immunoglobulin G conjugated to horseradish peroxidase was used as the secondary antibody. Antibody binding was detected by chemiluminescent analysis (2) .
Computational analysis. Sequence homology searches were performed by using the BLAST algorithm (1) at the National Center for Biotechnology Information (NCBI; http://www.ncbi.nlm.nih.gov) and on the unfinished microbial genomes at The Institute for Genomic Research (http://www.tigr.org) and at the Sanger Centre for Genome Research (http://www.sanger.ac.uk). Pairwise percent similarities of proteins was calculated by a BLAST analysis of two sequences program at NCBI (73) using the default Blosum 62 matrix. Multiple sequence alignments were performed by using CLUSTAL X with the default parameters and the Gonnett series matrix (32, 34) . Phylogenetic analysis of aligned protein sequences was analyzed by using the neighbor-joining bootstrap analysis (17) in the CLUSTAL X program package. The TMHMM program (http://www.cbs.dtu .dk/services/TMHMM/TMHMM2.0b.guide.html) (37) within the simple modular architecture research tool (SMART; http://smart.embl-heidelberg.de/) (58, 62) was used to predict transmembrane (TM) domains.
RESULTS
Identification of AlgI homologs in non-alginate-producing bacteria. In P. aeruginosa, algI is the ninth gene on the alginate biosynthetic operon (Fig. 1) . Deletions of algI resulted in strains that produce alginate that are not O acetylated (23) . Since AlgI is an integral membrane protein, it may be required for the transport of the O-acetyl group across the cytoplasmic membrane for the acylation of alginate at the polymer level (24) . Sequence homology searches with BLASTP and BLAST of unfinished microbial genomes revealed AlgI homologs that are widespread among a variety of bacteria not known to produce alginate. Included among these homologs are the DltB proteins of Bacillus subtilis and many other gram-positive bacteria. DltB is encoded on the dlt operon that includes the following: dltA Ͼ dltB Ͼ dltC Ͼ dltD Ͼ dltE (Fig. 1 ). DltB proteins of gram-positive bacteria, such as Lactobacillus rhamnosus (30) , Bacillus subtilis (55) , and Streptococcus mutans (4), are required for the O alanylation of wLTA and may be involved in transport of the O-alanyl groups across the cytoplasmic membrane (35) . The DltB homologs found in the genome projects of the other gram-positive bacteria, e.g., Staphylococcus aureus (38) and Streptococcus pyogenes (18) , may also play roles in O-alanyl transport since these DltB homologs are also encoded on dlt operons. Other genes of the dlt operon include dltA, which encodes the D-alanyl carrier protein synthetase (30) , and dltC, which encodes the D-alanyl carrier protein (35) . DltD is a type II membrane protein that is probably required for transfer of alanyl groups from D-alanyl carrier protein to LTA (15) .
In addition to DltB of the gram-positive bacteria, AlgI homologs were identified among bacteria from a variety of phylogenetic groups (Fig. 1) . Included among the AlgI proteins from gram-negative bacteria are homologs from Pseudomonas syringae, which contains two genes for AlgI. One homolog is associated with an alginate biosynthetic operon, similar to P. aeruginosa. The other is linked to genes with similarity to the cellulose biosynthesis genes of Gluconacetobacter xylinus (46) (Fig. 1 ). This gene arrangement is similar to the homologs from Pseudomonas fluorescens and is involved in the O acetylation of cellulose (69, 70) . The sulfate-reducing bacteria Desulfovibrio vulgaris and Desulfovibrio desulfuricans also contain algI homologs. In Desulfovibrio vulgaris, the homolog is flanked by a transposase gene and by several genes for bacteriophage proteins. Other gram-negative bacteria that contain AlgI homologs include the dental pathogens Porphyromonas gingivalis (which also contains adjacent transposase genes), T. denticola, the gastric pathogen Campylobacter jejuni, and H. pylori, as well as N. meningitidis, N. gonorrhoeae, and T. pallidum. Two strains of H. pylori have been sequenced, but only one strain, 26695, contains an algI homolog (Fig. 1) . The algI homolog from Bordetella spp., gramnegative bacteria in the beta subdivision, are more similar to DltB than to AlgI (described below).
AlgI homologs, not linked to dlt operons, are also present in gram-positive bacteria. Bacteria containing both a DltB homolog (encoded on the dlt operon) and an AlgI homolog, include the Clostridium spp. Clostridium difficile and Clostridium acetobutylicum, which contain algI adjacent to cellulose biosynthetic genes (Fig. 1) . Bacillus anthracis contains open reading frames for three DltB/AlgI homologs. In addition to the dltB gene located within a dlt operon, Bacillus anthracis contains two open reading frames for proteins with greater similarity to AlgI of P. aeruginosa than to DltB. The two AlgI homologs of Bacillus anthracis are adjacent to each other but arranged in opposite transcriptional orientation ( Fig. 1) . One of the algI homologs in Bacillus anthracis was previously observed by Mesnage et al. and shown to be near csaA and csaB, which are required for the addition of a pyruvyl group to a peptidoglycan-associated polysaccharide (45) .
Overall, AlgI homologs were identified in more than 50 bacterial species from most of the taxa that have representative organisms undergoing genome sequencing projects. The bacteria contain from one to as many as ten copies of the algI gene (Magnetospirillum magnetotacticum contains four copies, and Leptospira interrogans contains ten copies), suggesting that this gene is widely distributed among bacterial phyla and that it is evolutionarily conserved. Homologs of AlgI are also found in several eukaryotes (Plasmodium yoelii yoelii, Saccharomyces cerevisiae, Homo sapiens, and Arabidopsis thaliana).
algI homologs are often linked to genes for type II membrane proteins that have conserved amino acid motifs. In P. aeruginosa algJ lies immediately downstream of algI. AlgJ is classified as a type II membrane protein as described by Pugsley (59) , since the protein is anchored in the bacterial inner membrane by an uncleaved signal peptide, whereas most of the protein resides in the periplasm (24) . Sequence homology searches revealed few proteins with significant sequence identity to AlgJ (other than AlgJ and AlgX from other pseudomonads). However, most of the algI homologs are linked to genes for putative type II membrane proteins (Fig. 1) . These predicted protein products show characteristic signal peptides with no signal peptidase cleavage site. Although they demonstrate very little primary sequence identity over the length of the proteins, multiple sequence alignments revealed conserved motifs among these proteins. These type II membrane proteins fall into three groups that do not appear to have a common ancestor for the three groups. The AlgJ group includes AlgJlike proteins from P. aeruginosa, P. syringae, Desulfovibrio vulgaris, the Clostridium spp., and Bacillus anthracis (shown in green in Fig. 1 ). These proteins contain the conserved motifs P[X]K and RTD[X]HW (Fig. 2A) (Fig. 2C ). All three groups of the type II membrane proteins contain a motif with a conserved histidine residue, followed by a large nonpolar amino acid, and a conserved aspartate residue either two or three amino acids preceding the histidine (Fig. 2) . Bacillus anthracis contains two algI homologs and also has two algI linked genes for type II membrane proteins (Fig. 1) . One of the type II proteins falls within the AlgJ group, whereas the other type II protein is related to a protein from Magnetococcus spp. and has no identity with either the AlgJ, NMA1479, or DltD groups.
Phylogenetic analysis reveals clades of AlgI homologs that do not reflect organism phylogeny. The AlgI and DltB homologs were aligned by using the CLUSTAL X program, and bootstrap analysis was used to characterize the phylogenetic relationship of the proteins. To avoid potential biases due to the TM domains, the alignments and bootstrap analyses were performed on the entire protein sequences and on the sequence of the highly conserved cytoplasmic portion of the protein (described below). Both analyses gave similar results, and the analysis for the complete protein sequences is shown in Fig. 3 . The bacterial proteins form two distinct clades: those most closely related to DltB and those related to AlgI of P. aeruginosa. The DltB group contains all DltB proteins from gram-positive bacteria that are encoded on dlt operons. The homologs from the Bordetella spp. are most closely related to the DltB clade, but these proteins have similarities intermediate to AlgI and DltB. For the gram-positive bacteria, the DltB phylogeny reflects the organism phylogeny based on 16S rRNA sequence analysis.
The second clade contains proteins related to AlgI of the alginate-producing bacteria P. aeruginosa and Azotobacter vinelandii and includes homologs from the non-alginate-producing gram-negative and gram-positive bacteria. In the case of the AlgI clade, the phylogeny of the AlgI proteins greatly differs from the organism phylogeny. For example, AlgI from P. aeruginosa (a high GϩC content ␥-proteobacterium) is more closely related to the AlgI of the low-GϩC gram-positive bacteria, Clostridium difficile and Clostridium acetobutylicum, than to one of the AlgI homologs from another ␥-proteobacteria, P. fluorescens. AlgI homologs from the ␤-proteobacteria, rather than forming one distinct clade, are scattered throughout the phylogenetic tree. The two AlgI homologs from Bacillus anthracis, although adjacent to each other on the genome, show greater similarity to other members of the AlgI clade (42% identity and 57% similarity of Bacillus anthracis AlgI-2 to Magnetococcus sp. AlgI) than to each other (35% identity and 53% similarity), suggesting that one copy of this gene was obtained from an outside source rather than by gene duplication. An AlgI homolog from a eukaryote-Plasmodium yoelii yoelii-clustered with the bacterial AlgI proteins. The results indicate that the AlgI homologs were obtained after bacterial speciation and likely incorporated into the genomes of these organisms by lateral gene transfer (LGT).
One indicator of recent LGT events is that the DNA GϩC content of the gene of interest may differ from the GϩC content of the surrounding genomic DNA, since ancient genes tend to ameliorate to the genomic GϩC content over time (40) . In most of the cases examined here, the GϩC contents of the algI homologs reflect the genomic GϩC content for the particular organism (as shown in Fig. 1) . At the DNA level, the algI genes were highly diverged, ranging from 27 to 66% GϩC for the different organisms, indicating that these genes are ancient in origin and have highly varied codon usages. In some cases, however, the GϩC content of the algI gene differs from the host DNA, indicating more recent LGT events. For example, algI from Desulfovibrio vulgaris has 20% difference in GϩC content from the genomic DNA (Fig. 1) . The T. pallidum and the H. pylori algI gene GϩC contents differ from the host bacterium by 8%, also indicating that these genes may have been obtained by recent LGT.
The algI homologs and the adjacent gene(s) for the type II membrane protein are topologically congruent gene cassettes. The genes for the type II membrane protein are linked to algI and contain conserved motifs. Therefore, we used a phylogenetic approach to determine the relationship between these linked genes. Since the three groups of type II membrane proteins (shown in Fig. 2) do not appear to have a common ancestor, we performed the phylogenetic analysis on the individual groups. For the DltD group, the phylogeny of DltB reflects both the 16S rRNA and the DltB phylogenies (shown in yellow in Fig. 3) , suggesting that the dlt operon had a common ancestor prior to speciation. The other type II membrane proteins (the AlgJ group and the NMA1479 group) do not reflect the organism 16S rRNA-based phylogeny (Fig. 3) . However, these phylogenies are topologically congruent with that of the AlgI proteins (Fig. 3) . For example, the AlgJ group of proteins reflects the clade of AlgI proteins most closely related to the P. aeruginosa AlgI (shown in green in Fig. 3 ). Of particular interest, one of the type II membrane proteins from Bacillus anthracis clusters with this AlgJ group, and its AlgI The NMA1479 group is also topologically congruent with the AlgI phylogenies (shown in peach in Fig. 3 ). In some cases two genes for type II membrane proteins are adjacent to the algI gene. When two genes are adjacent to algI, the second set of proteins forms a separate clade, and this second clade also reflects the phylogeny of the adjacent AlgI homologs.
Exceptions to this congruence include proteins from Desulfitobacterium hafniense (Fig. 3) . In this case, the AlgI protein clusters with proteins linked to an AlgJ homolog. However, the type II membrane protein is more closely related to the NMA1479 group (shown in peach in Fig. 3) . The P. fluorescens and Nitrosomonas europaea AlgI proteins cluster with the Bacillus anthracis/Magnetococcus branch, whereas the linked type II membrane proteins are related to AlgJ.
Conserved motif in AlgJ are required for alginate O-acetylation activity. The multiple sequence alignments of the type II membrane proteins indicate that these proteins are highly diverged. However, they contain conserved amino acid motifs. Therefore, we performed site-directed mutagenesis studies to determine whether these conserved motifs are required for enzyme activity of AlgJ in P. aeruginosa. After mutagenesis, the mutant algJ genes were ligated into the P. aeruginosa expression vector pMF54 and introduced into P. aeruginosa FRD1155 algJ6⌬, a strain that does not O acetylate alginate (24) . Alginates from the resulting strains were purified and analyzed for O acetylation by the colorimetric method and by FTIR. All strains were verified for levels of algJ expression by using immunoblots with AlgJ antibodies (24) . All strains shown here demonstrated approximately equal levels of AlgJ protein (data not shown), although we cannot rule out the possibility of protein misfolding, based on these immunoblot analyses.
The ester linkage for the O-acetyl group absorbs infrared radiation at 1,730 cm Ϫ1 and 1,250 cm Ϫ1 , as seen in the spectrum of alginate from wild-type strain P. aeruginosa FRD1 (Fig. 4A) . The colorimetric assay indicated that this strain had 0.79 mol of O-acetyl/mol of alginate. P. aeruginosa FRD1176 (algJ6⌬) containing the control vector pMF54 showed no absorbance at 1,730 and 1,250 cm Ϫ1 and therefore no esterification of the alginate (Fig. 4B) . The colorimetric data were consistent with the FTIR data. Within the 191-RTD[X]HW motif of AlgJ, the conserved histidine residue H195, when converted to alanine, completely abolished alginate O-acetylation activity (Fig. 4C) . Conversion of the conserved tryptophan W196 to phenylalanine reduced alginate O-acetylation fourfold (Fig. 4D) , and the D193A mutation abolished alginate O acetylation (Fig. 4E) . Conversion of the conserved arginine R191 to alanine had no effect on alginate O-acetylation levels (not shown). Since one of the Rhodopseudomonas palustris strains had a glycine at the equivalent position of the AlgJ T192, we converted the T192 to both a glycine (Fig. 4E ) and an alanine (Fig. 4F ) and tested alginate O-acetylation activity. The alanine mutation reduced alginate O-acetylation activity approximately twofold, whereas the glycine mutation reduced activity fivefold, indicating that although glycine was found in the Rhodopseudomonas palustris AlgJ homolog, this substitution was not fully tolerated in AlgJ of P. aeruginosa. Mutations were also used to determine the role of the 135-P[X]K motif on AlgJ activity. The P135A mutation reduced alginate O-acetylation threefold, whereas the K137A mutation abolished alginate O acetylation ( Fig. 4H and I ).
An ordered series of motifs is required for AlgI activity: characterization of TM domains TM-C, TM-D, and TM-E. The sequence alignment information was used to identify an ordered series of motifs in the AlgI homologs: conserved regions of the protein that are probably important for enzyme function (44) . In our previous study using alkaline phosphatase protein fusions, we predicted that AlgI is a membrane protein with seven TM domains (24) . Alignment of the seven TM domains of AlgI/DltB homologs demonstrated conserved hydrophobic amino acid substitution in TM-A, TM-B, TM-F, and TM-G but no amino acid identity. However, amino acid iden- FIG. 4 . FTIR spectra of alginate purified from mucoid P. aeruginosa strains showing presence or absence of ester linkages to O-acetyl groups. Alginates from wild-type strain FRD1 (A), FRD1176 algJ6⌬ with control plasmid pMF54 (B), and FRD1176 (algJ6⌬) (C to I) with plasmids containing point mutations as indicated. The molar ratios of O-acetyl groups to uronic acid residues were determined by the colorimetric methods described in Materials and Methods. The data represent the averages for three independent strains containing the designated plasmid. (Fig. 5) .
To determine whether conserved amino acids in the TM-C, TM-D, and TM-E domains are required for AlgI activity, we performed site-directed mutagenesis and determined the in vivo O-acetylation activity in P. aeruginosa FRD1177 (algI7⌬) (24) . To help ensure that the mutations did not affect membrane topology, all noncyclic amino acids were converted to alanines, and the conserved tryptophans were converted to phenylalanine. Alginates from the resulting strains were purified from these strains and assayed for O-acetylation (Table 2) . In TM-C, mutation of the conserved lysine resulted in greater than 10-fold decrease in alginate O acetylation. In TM-D, the mutations P162A in the conserved 162-P[4X]PG motif had little effect on alginate O acetylation, whereas the mutations P167A and G168A abolished alginate O acetylation. In the 279-G[1X]WHG[7X]WG motif of TM-E, the W281F and G283A mutations resulted in a three-and fourfold decreases in O acetylation, respectively. No alginate O acetylation was detected in the strain containing a mutation in histidine (H282A).
Cytoplasmic domain 4 contains conserved amino acid motifs required for alginate O acetylation. Our previous phoA fusion data predicted a cytoplasmic domain (CP-4) that is highly conserved among the AlgI homologs. LGG. Similar motifs were also observed in the DltB homologs, and part of this cytoplasmic regions was also conserved among the AlgI homologs from eukaryotes (Fig. 6) . Mutagenesis studies here demonstrate that D242A, LGG motif affected alginate O acetylation. The W278F, R279A, and W281F mutations resulted in five-to tenfold reduction in alginate O acetylation. Mutation S283A and S285A reduced alginate O acetylation three-to fourfold. Mutation R280A, although in a highly conserved amino acid, had little effect on activity. Since the AlgI homologs from Bacillus anthracis and from Clostridium difficile contained glycine residues instead of serines at the position corresponding to S285 of P. aeruginosa AlgI, we changed this amino acid to a glycine and to an alanine. Conversion S285A reduced alginate O acetylation threefold, whereas S285G had no effect on O-acetylation activity ( Table  2 ), indicating that glycine could substitute for serine in this position. Since the DltB proteins contained phenylalanine at position Y292 of the P. aeruginosa AlgI, we mutated this tyrosine to both a phenylalanine and a serine. The Y292F mutation resulted in a twofold decrease in alginate O acetylation, and the Y292S mutation resulted in a threefold decrease in alginate O-acetylation activity, demonstrating that these amino acids could substitute for tyrosine in P. aeruginosa but with reduced in vivo activity. A site-directed mutation S127A reduced alginate O acetylation fourfold. Although a threonine was conserved at position T130 of the P. aeruginosa AlgI, throughout most of the AlgI and DltB homologs it was not observed in the other alginate-producing bacterium, Azotobacter vinelandii and, as predicted, a T130A mutation in the P. aeruginosa AlgI had no effect on alginate O acetylation.
Conservation of amino acid sequence was not observed throughout the AlgI homologs for other regions of the protein, and therefore other protein domains were not analyzed by site-directed mutagenesis here. Based on the bioinformatic and site-directed mutagenesis results, we propose a model for AlgI of P. aeruginosa that is shown in Fig. 7 . The positions of the ordered series of motifs and key amino acid required for AlgI activity are indicated.
DISCUSSION
Bacteria produce a variety of extracellular polysaccharides that enhance their survival in natural environments. The polysaccharides are often modified with functional groups, and these modifications affect the chemical and physical properties of the polymers and influence the ability of the bacteria to survive in their ecological niches. One example of a survival advantage imparted by polymer modification is the growth of bacteria in biofilms. Biofilms are bacteria (and other organisms) associated with surfaces, often encapsulated with extracellular polysaccharide. Two reports indicate that polysaccharide O acetylation is important for biofilm formation (50, 70) . In P. aeruginosa, alginate O acetylation is essential for mucoid strains to produce thick three-dimensional biofilms that extend from the substratum. In P. fluorescens, O acetylation of cellulose is required for the bacteria to form a pellicle (biofilm at the air-water interface). In both of these cases, the O acetylation of the polymer apparently provides the structural integrity of the matrix material, allowing biofilm formation.
One mechanism for polysaccharide modification with acyl groups requires a gene cassette containing algI and one or more genes for type II membrane protein, such as algJ of P. aeruginosa. These cassettes appear to have evolved by LGT and in some cases have been incorporated into larger polysaccharide biosynthetic operons. In P. aeruginosa, P. fluorescens, and P. syringae, the algI/algJ cassettes were incorporated into the alginate and cellulose biosynthetic operon, where, in combination with algF, they modify their respective polysaccharides with O-acetyl groups. In P. aeruginosa, the algI/algJ cassette was incorporated upstream of algF, whereas in P. syringae and P. fluorescens the cassettes were incorporated downstream of an algF homologs (as shown in Fig. 1 and in references 69 and 70), yielding differing gene arrangements for these operons and providing additional evidence that algI/algJ were obtained by LGT.
Several lines of evidence indicate that the algI gene cassettes evolved by LGT. First, the phylogeny of AlgI proteins does not reflect the organism phylogeny. The AlgI proteins from individual groups of bacteria, such as the ␥-or ␤-proteobacteria do not form unique clades but rather are scattered throughout the AlgI phylogenetic tree. These AlgI proteins from the proteobacteria often cluster with AlgI proteins from distantly related bacteria, including members of the Clostridiaceae and Bacillaceae. In addition, one AlgI homolog from a eukaryote clusters with the bacterial homologs. The phylogenetic relationship of the linked gene for the type II membrane protein also does not reflect the organism phylogeny (with the exception of the DltD homologs). However, the phylogeny of these proteins is congruent with the AlgI phylogeny, suggesting that these two (or three) gene cassettes were transferred by LGT as units. Second, although algI gene cassettes appears to be ancient in origin (the genes are widely diverged at the DNA level), in some cases they appear to have been incorporated into bacterial genomes recently. In several cases, the GϩC content of the algI cassette does not reflect the GϩC content of the surrounding genomic DNA. This is particularly apparent with Desulfovibrio vulgaris, T. pallidum and H. pylori. In H. pylori, the algI homolog (and its linked gene) was only found in 33% of H. pylori strains tested in a microarray study (61), (24) divided by the moles of uronic acid residues, as determined by the assay of Knutson and Jeanes (36) . The data shown represent the averages of three to four samples.
suggesting that algI was either obtained from an outside source in these isolate or that this gene cassette was deleted prior to divergence of the strains lacking algI. Third, the algI genes are often proximate to phage or transposase genes or gene remnants. This is apparent in Desulfovibrio vulgaris, Porphyromonas gingivalis, Clostridium botulinum, and Bacteroides fragilis. A very recent gene transfer event involving algI occurred in Sinorhizobium meliloti, where an ϳ6.5-kb segment of DNA, including algI, appears to have been duplicated between the chromosomal DNA and the pSymB megaplasmid, giving this organism two copies of algI and its adjacent downstream gene (7, 20, 26) .
Lawrence and Roth proposed a mechanism for operon evolution in bacteria via LGT where proximate genes would have a greater chance of transfer as a unit than genes spaced widely apart (41) . This would ultimately allow the assembly of genes with related function into operons and may result in a mosaic organization of genes on the chromosome (41) .
LGT in the assembly of operons may also lead to a mosaic pattern of genes within operons, if genes with similar functions were assembled at different times independently. This appears to be the case for the assembly of the algI homologs and the linked genes for the type II membrane proteins. In the case of the AlgJ group, the gene for the type II membrane protein (AlgJ homologs shown in green in Fig. 1 ) is always downstream of algI. Therefore, these genes likely assembled into a cassette, and then the cassette was transferred by LGT and/or diverged over time through speciation. In this case, the algI/algJ gene cassette would have a common ancestor, but the ancestry would not necessarily reflect the organism phylogeny, as is the case shown here. This would account for the topological congruency of the AlgI and AlgJ phylogenies and for the similarity of algI and algJ GϩC content within each cassette. On the other hand, the genes for the NMA1479 group (shown in red in Fig. 1 ) appear to have been assembled on at least two occasions independently. In one case, the genes for the type II membrane proteins lie downstream of the algI gene (N. meningitidis, Campylobacter jejuni, and T. pallidum). In the other case, the NMA1479-like genes are arranged upstream of algI (Porphyromonas gingivalis and Bacteroides fragilis). The differing gene arrangement of these linked genes likely represents operon assembly at a different time, followed by LGT or divergence. This LGT mechanism for evolution of the gene cassette would also account for the difference in gene arrangement seen in the dlt operons observed in the Bordetella sp. compared to the dlt operons of the gram-positive bacteria, which show inverse gene order compared to each other.
The gene linkages seen here helped identify motifs in AlgJ required for enzyme activity. AlgJ from P. aeruginosa demonstrates little sequence identity to other proteins, and few hits were identified for AlgJ by using BLAST searches. However, characterization of the genes adjacent to the algI homologs helped identify a set of proteins with conserved motifs to AlgJ. The results suggest that these proteins, although distantly related, are homologs to AlgJ. First, all algJ homologs are genetically linked to algI. Second, all have putative uncleaved signal peptides. Third, all have an amino acid motif surrounding a conserved histidine residue. In addition, the phylogeny of the AlgJ homologs reflects that of the AlgI homologs. Therefore, although highly diverged compared to the AlgI proteins, the AlgJ homologs appear to have a common ancestor. Sequence alignments of these homologs allowed the identification of two conserved amino acid motifs in these AlgJ ho- mologs, and site-directed mutagenesis studies demonstrated that these motifs are important for enzyme activity. In particular, the conserved histidine may provide an active center for the transfer of acyl groups to the polysaccharide, since a similar motif is found in all three of the groups of type II membrane proteins: the AlgJ group, the NMA1479 group, and the DltD group. AlgI is a member of a family of uncharacterized proteins found in a diversity of bacteria and in some eukaryotes (33) . The AlgI homologs contain an ordered series of motifs that are important for the alginate O-acetylation activity in P. aeruginosa. In light of the divergence of the algI homologs at the DNA level, the peptide motifs within this family of proteins are well conserved, indicating that this series of motifs was maintained through evolution and that these motifs play roles in the functions of the AlgI homologs, as is the case shown here for AlgI of P. aeruginosa.
Based on our multiple alignments and on membrane topology predictions, the AlgI/DltB proteins have four TM domains that likely play a structural role (TM-A, TM-B, TM-F, and TM-G). These TM domains contain amino acids with hydrophobic side chains but little amino acid identity throughout the alignment. On the other hand, three of the TMs (TM-C, TM-D, and TM-E) have amino acid identity, including amino acids not generally associated with TM domains. For example, a charged lysine residue is present in TM-C, and proline and glycine residues, which may interrupt helical structures, are found in TM-D. Replacement of these residues with alanines reduced or abolished alginate O acetylation, indicating the importance of these amino acids in AlgI activity. In addition, replacement of conserved tryptophan, histidine, and glycine residues in the GXWHG motif of TM-E also reduced or abolished alginate O acetylation. Since alginate is likely O acetylated at the polymer level in the periplasm (24) , the motifs within these TMs are likely required for the transfer of the O-acetyl groups from their cytoplasmic precursor across the cell inner membrane to the periplasm.
Conserved motifs are also present in periplasmic domain 3 and in cytoplasmic domain 4 of the AlgI homologs. Based on the mutagenesis results, we propose the model for the activity of AlgI in P. aeruginosa shown in Fig. 7 . Conserved motifs in cytoplasmic domain 4 are likely involved in interaction with alginate O-acetylation precursor. D-Alanyl carrier protein acts as the precursor for D-alanylation of wLTA in the gram-positive bacteria (14, 31) . Since AlgI is homologous to DltB, acetylacyl carrier protein may be the precursor for alginate O acetylation. The conserved motifs in three of the TM domains are likely involved in transport of the O-acetyl group across the cytoplasmic membrane. Alternatively, these TMs may play a role in export of acetyl-acyl carrier protein across the membrane, as proposed for export of the D-alanyl carrier protein carrier protein across the membrane in the gram-positive bacteria (35) . The conserved motif important for AlgI activity in periplasmic domain 3 may be required for transfer of the O-acetyl group to the alginate polymer or for interaction with periplasmic proteins, AlgJ, or AlgF.
Since only pseudomonads and closely related species are know to produce alginate, the AlgI homologs from these other species are likely required for functions other than alginate O acetylation. However, the additional AlgI homologs probably play similar roles in polysaccharide modification. For example, it has been demonstrated that an AlgI homolog from P. fluorescens is required for esterification of cellulose with O-acetyl groups (69) . Cellulose synthase genes are also found adjacent to algI homologs in P. syringae, Clostridium acetobutylicum, and Clostridium difficile. Since homologs to the bcs genes of Gluconoacetobacter xylinus were recently identified in E. coli and in Salmonella enterica serovar Typhimurium (78) , cellulose production may be widely distributed in bacteria. Many of the other algI homologs are located adjacent to genes for polysaccharide biosynthesis. The Bacillus anthracis AlgI homologs are near the csaA and csaB genes, which are required for pyruvylation of peptidoglycan-associate polysaccharide (45) . In H. pylori the algI homolog is adjacent to rfaD and rfaE, required for LPS biosynthesis, although not on the same operon. It is not yet known whether LPS is esterified in H. pylori strains that contain an algI homolog. Modification of LPS with O-acetyl groups has been observed in P. aeruginosa (49) . A membrane protein, not related to AlgI, was shown to be involved in this modification, resulting in the conversion of the O-antigen serotype from O5 to O16. The genes for this serotype conversion, including the gene for the membrane protein, are carried on a bacteriophage, demonstrating a role for LGT in structural modification of the LPS of P. aeruginosa.
